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Abstract— Porous materials have demonstrated to be ideal
candidates for the creation of optical sensors with very high
sensitivities. This is due both to the possibility of infiltrating
the target substances into them and to their notable surface-
to-volume ratio that provides a larger biosensing area. Among
porous structures, polymeric nanofibers (NFs) layers fabricated
by electrospinning have emerged as a very promising alter-
native for the creation of low-cost and easy-to-produce high
performance optical sensors, for example, based on Fabry-
Pérot (FP) interferometers. However, the sensing performance
of these polymeric NFs sensors is limited by the low refractive
index contrast between the NFs porous structure and the target
medium when performing in-liquid sensing experiments, which
determines a very low amplitude of the FP interference fringes
appearing in the spectrum. This problem has been solved with
the deposition of a thin metal layer (∼ 3 nm) over the NFs sensing
layer. We have successfully used these metal-coated FP NFs
sensors to perform several real-time and in-flow refractive index
sensing experiments. From these sensing experiments, we have
also determined that the sponge-like structure of the NFs layer
suffers an expansion/compression process that is dependent of the
viscosity of the analyzed sample, what thus gives the possibility
to perform a simultaneous dual sensing of refractive index and
viscosity of a fluid.
Index Terms— Fabry-Perot, nanofibers layer, Nanophotonics,
polymers, porous structure, real-time sensor, refractive index,
viscosity.
I. INTRODUCTION
NOWADAYS, sensors are used almost everywhere, as inindustrial machinery and process control, building man-
agement, wearable and communications devices, environ-
mental monitoring, medical diagnosis or biological/chemical
threats detection, among many other fields. They are designed
to perform measurements based on different transduction
mechanisms: physical, chemical, optical, mechanical and elec-
tromagnetic. Particularly, the use of optical sensors provides
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important advantages compared to other transduction tech-
nologies, as for example, high sensitivity, high degree of
miniaturization, shorter time to result, label-free detection,
requirement of very low volumes of sample and reagents,
resistance to hazardous and harsh environments, and immunity
to electromagnetic interferences [1].
Optical sensors based on the measurement of refractive
index changes are widely applied to the detection of sub-
stances/analytes in many fields such as clinical diagnosis,
pharmaceutical and drug analysis, pollution monitoring or food
control [2] – [6]. Most optical sensors use the interaction of
the evanescent field of a guided mode with the surrounding
media to perform the sensing [7], [8]. However, since only
that lower-intensity evanescent field propagating outside the
optical structure is used for sensing purposes, the maximum
achievable sensitivity is significantly limited. In order to
overcome this limitation and to use the higher-intensity optical
field located inside the structure for sensing purposes, there
is an increasing interest in using porous materials for the
development of optical sensing structures [9] – [11]. Addition-
ally, porous materials also provide an extremely high internal
surface where a huge amount of biorecognition probes can
be immobilized in order to perform a selective detection of
increased quantity of analytes, which is also translated into an
increase of the sensitivity.
In the present study, we report our results on the develop-
ment of porous optical sensors based on polymeric nanofibers
(NFs) layers deposited by electrospinning. Polymeric NFs
layers exhibit many interesting properties that makes them
ideal candidates to build sensing structures, as for example,
a high surface-to-volume ratio (of the order of 290 m2/cm3),
a high porosity (up to 90%), an adjustable pore size, a sponge-
like configuration for a better sample infiltration, a low pro-
duction cost and the possibility to be manufactured over large
areas [12], [13], among others. Because of that, electrospun
NFs layers are increasingly used for the development of
different types of sensors, typically based on non-optical
transduction mechanisms [14], like amperometric [15], electro-
chemical [16], in the elaboration of improved Enzyme-Linked
Immunosorbent Assays (ELISAs) [17], and in advanced point-
of-care devices [18]. Our group has recently demonstrated
how a NFs layer can be used as a high sensitivity Fabry-
Pérot (FP) photonic sensor by performing static sensing
tests [19]. However, problems were observed when performing
real-time and in-flow dynamic measurements, mainly due to
the low refractive index contrast between the NFs polymeric
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Fig. 1. FESEM image of a typical NFs layer used in this study.
material and the target medium. In this work, we have solved
this problem by depositing a thin metal layer over the NFs
layer in order to increase the amplitude of the FP fringes.
Several alternatives have been studied in order to determine the
best metal to be used and its optimal thickness, being able to
obtain an improvement of up to 70% when using a 3 nm gold
film. These metal-coated FP NFs sensors have been used to
perform refractive index sensing experiments where different
concentrations of ethanol (EtOH) in deionized water (DIW)
were flowed over the sensor. Sensitivities determined from
these experiments were significantly higher than those the-
oretically expected and they were different depending on the
EtOH concentration. From these results, we have determined
that the FP NFs sensor is not only sensitive to refractive index
variations, but also to changes in the viscosity of the liquid,
which produces an expansion/compression of the sponge-like
structure of the NFs layer during the flow of the target samples.
II. NANOFIBERS LAYERS AS OPTICAL SENSORS
Porous optical sensors have been built from polymeric NFs
layers created by electrospinning process. These layers have
been deposited over a polished silicon wafer, and act as
a Fabry-Pérot (FP) interferometer. NFs layers with average
diameters between 22 and 40 nm and high porosities have
been achieved with a electrospinning solution realized with a
6 wt% of polyamide 6 (PA6) and 5 wt% of pyridine salt.
Further details about the fabrication process are provided
in reference [19]. Fig. 1 shows a Field Emission Scanning
Electron Microscope (FESEM) (Zeiss Ultra 55) image of a
typical NFs layer used in this study.
The FP interferometer configuration has been selected
due to the good relationship between fabrication complex-
ity, cost, and sensitivity [20]. This type of optical sensing
structure has a reflectance spectrum characterized by the
presence of interference fringes, as a result of the con-
structive and destructive interferences produced by the light
reflected at the interfaces between the NFs layer, the top
medium and the silicon substrate, as schematically depicted
in Fig. 2(a). The position of these FP interference will shift
depending on the refractive index of the fluids filling the
NFs layer, leading to the sensing behavior. Representative
reflectance spectra in the visible (VIS) and near infrared (NIR)
regions of a typical NFs layer deposited on a polished silicon
Fig. 2. (a) Schematic diagram of a FP NFs interferometer. Specular
reflectance measurement in the (b) VIS and (c) NIR ranges of the spectrum
for a NFs layer fabricated with 6 wt% of PA6 and 5 wt% of pyridine. Spectra
have been measured using a Fourier-Transform Infrared Spectroscope (FTIR)
(Bruker VERTEX 80) with a resolution of 4 cm−1 and 12 averaged scans.
Fig. 3. Theoretical sensitivity in the visible range of the spectrum of a porous
FP sensing layer (in nm/RIU) as a function of the refractive index of the bulk
material (nbulk from 1.5 to 3.5) for different porosities (P from 40% to 90%).
wafer are represented in Fig. 2(b) and Fig. 2(c), respectively.
The Transfer Matrix Method (TMM) [21] has been used to
estimate the refractive index and the thickness of the NFs
porous samples from reflectance measurements. Values close
to 1.22 and 1150 nm have been obtained for these parameters,
respectively.
III. DEPENDENCE OF THE SENSITIVITY WITH THE
POROSITY OF A SENSING STRUCTURE
Simulations based on the effective medium model given
by Looyenga [22] have been done in order to estimate
the sensitivity in the visible range of the spectrum of a
FP structure, depending on the refractive index of the bulk
material and on the porosity. Reference [19] shows more
details about these simulations. Fig. 3 represents the trends
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Fig. 4. Scheme of the opto-fluidic setup used to carry out the real-time and
in-flow sensing experiments.
on the sensitivity. For the calculations, the optical thickness
(i.e. refractive index × thickness) of the porous layer has
been properly selected to have a maximum fringe located close
to 700 nm, whose shift has been measured to determine the
sensitivity. According to these simulation results, the porosity
of the sensor has a crucial importance on the sensitivity, since
higher porosities imply that a higher volume of the structure
will change its refractive index when the sensing process is
carried out. Besides, the refractive index of the bulk material
(nbulk) has also a large influence on the sensitivity of the
porous FP sensing layer. In this respect, higher sensitivities
can be obtained for porous FP sensing layers fabricated with
lower refractive index bulk materials.
IV. EXPERIMENTAL SETUP
According to previous studies in our research group based
on real-time sensing measurements with porous silicon sen-
sors [11], a fluidic cell has been designed to analyze the
sensitivity of a FP sensing structure made of NFs layers.
Fig. 4 shows a scheme of the opto-fluidic setup used for the
experiments.
The NFs layer to be characterized is placed between two
transparent methacrylate pieces. In order to flow different
solutions over the sensor, a 1 cm2 adhesive tape with a 0.3 ×
2.0 × 7.0 mm (height × width × length) channel defined on its
center has been fixed to the upper methacrylate piece. Fluids
are introduced to and extracted from the channel through the
fluidic tubes connected to the solution to be analyzed in one
side, and to a syringe pump on the other side. The pump has
been configured in withdraw mode in order to generate the
vacuum necessary to suck the solutions from the vial located
at the end of the microfluidic system. The pump has been
set to a constant flow rate of 20 µL/min during the whole
experiment.
A tungsten halogen lamp light source has been used to
illuminate the sample. The reflected light has been ana-
lyzed in real-time with a VIS-NIR spectrometer (Ocean
Optics - Flame T). The wavelength range for reflectance mea-
surements has been from 500 to 900 nm with a resolution
of 215 pm. Four consecutive spectra were measured every
2 ms and averaged to provide the final result. The optical
fibers from the light source and to the spectrometer have been
Fig. 5. Reflectance spectrum of an as-fabricated PA6 NFs FP layer in air
(labelled as “Initial”) and when DIW is flowed.
placed with an angle of 15◦ respect the perpendicular axis of
the NFs layer.
V. IMPROVEMENT OF FP SPECTRUM USING
METAL LAYERS
When trying to perform real-time sensing measurements
using the FP NFs sensor presented in chapter II, a significant
worsening of the spectral response was observed when flowing
DIW over the sensor. As it can be observed in Fig. 5,
the amplitude of the FP fringes (i.e., the difference between
maximum and minimum reflectance values) has a notable
reduction due to the low index contrast between the NFs layer
filled with DIW and the medium itself (DIW).
In order to overcome this problem, a thin metal layer has
been deposited over the NFs structure. Noble metals have
been selected due to their high reflectance, improved hardness
(compared to NFs) and a high oxidation potential suitable for
sensing in aqueous media. Three different metals have been
studied: gold (Au), silver (Ag) and platinum (Pt).
Simulations have been done in order to estimate the optical
effect of the metal layer deposition on the final reflectance of
a NFs structure. The goal is to get minimum reflectance values
close to zero and high amplitudes of the interference fringes.
Additionally, the final average diameter (i.e., NF + metal
layer) has to be small enough in order to have an adequate
optical response. Optical simulations based on TMM have
been done considering a two-layer structure. The first layer,
corresponding to the NFs, is in contact with the silicon wafer
and has a refractive index of 1.22 and a thickness of 1150 nm.
These values are the average ones obtained in different elec-
trospinning processes. The second layer models the metal
deposited on top of the previous one, whose thickness has been
changed from 1 to 8 nm. The results for the maximum and
minimum reflectance values as well as their difference in the
range from 600 to 700 nm are shown in Fig. 6(a), (b), and (c),
respectively.
The maximum reflectance value increases very quickly with
thickness for all metals, especially in the case of Au and Ag
(Fig. 6(a)). Meanwhile, the minimum reflectance (Fig. 6(b)) is
non-linear with thickness, exhibiting a minimum around 2 nm
for Pt and around 5 nm for Ag and Au. Finally, this determines
the non-linear increase for the difference between maximum
and minimum of reflectance (Fig. 6(c)). According to [23], for
higher metal thicknesses, deposited layers tend to behave as a
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Fig. 6. TMM simulations of the effect of a thin metal layer deposited on top
of the NFs structure for: gold (Au, black squares), silver (Ag, red triangles),
and platinum (Pt, blue circles). Maximum-minimum differences have been
calculated in the range from 600 to 700 nm.
metal mirror, providing in our case high minimum reflectance
values and lower maximum-minimum differences.
Experimentally, gold and platinum layers have been
achieved by sputtering deposition, while silver layers have
been obtained by electron beam evaporation. Besides on
the samples having the NFs layers, metals have also
been deposited on reference samples of silicon dioxide
for their physical characterization using atomic force
microscopy (AFM). Fig. 7 shows the effect on the experi-
mental reflectance spectrum after Au deposition on the NFs
layer. The results are similar to those obtained in the sim-
ulations: for low thicknesses (∼ 1 nm), the effect of the
metal on the reflectance is not very significant. For high
thicknesses (≥ 6 nm), the specular reflectance of the metal
layer introduces an offset into the reflectance. For intermediate
thicknesses (∼ 3 nm), an optimal reflectance is achieved.
Therefore, in the present study metal thicknesses of ∼ 3 nm
have been used to improve the amplitude of the FP fringes
of the fabricated PA6 FP NFs sensor. Fig. 8 shows the
experimental reflectance of different NFs layers with a gold,
silver or platinum layer of ∼ 3 nm. Minimum values close to
zero have been obtained in all of them; the highest maximum
values have been achieved with silver and gold.
Finally, a significant signal improvement has been observed
during the DIW flowing sensing experiments. As it is depicted
in Fig. 9, the spectral FP fringes can be clearly distinguished
Fig. 7. Effect of the metal thickness on the reflectance spectrum of a NFs
layer. Three gold thicknesses are shown: 1, 3 and 6 nm (blue dot, red dash-dot
and green dash, respectively). The black reflectance corresponds to the NFs
layer without any metal.
Fig. 8. Experimental reflectance spectra of different NFs layers with a
deposited platinum, silver or gold layer (blue dot, red dash and black line,
respectively), with an average thickness of 3 nm.
Fig. 9. Reflectance spectrum of a NFs layer without and with a thin (∼ 3 nm)
gold layer during a DIW flowing test.
compared to the low maximum-minimum difference observed
for the bare NFs layer.
Accordingly, a NFs structure with a 3 nm thick gold layer
deposited on top has been used in the subsequent experiments.
Gold has been selected instead silver due to its easier and faster
deposition method using our laboratory equipment.
VI. SENSING EXPERIMENTS AND DISCUSSION
A NFs layer with a thickness of 1110 nm, an effective
refractive index of 1.25 and with a ∼ 3 nm thick gold layer has
been used to determine the sensitivity of this kind of sensors in
real-time and in-flow. The porosity of the NFs layer has been
estimated with the Looyenga model [22], giving values close
to 60%. Three sensing test flowing different concentrations of
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Fig. 10. (a) Reflectance spectrum of the NFs layer in DIW and for
different concentrations of EtOH. (b) Temporal evolution of the spectrum
shift measured for a PA6 NFs sensing layer in real-time. (c) Close up view
of the sensing signal evolution where the relative spectrum shift respect DIW
is shown for the different EtOH concentrations.
EtOH have been done. Fig. 10 shows the spectrum evolution
for one of them. The peak selected to track the sensor response
in real-time has been that maximum closer to 600 nm. During
the initial minutes, the pumping of DIW over the NFs sensor
produces a very significant shift of the spectrum compared
to the initial position in air medium. After approximately
30 minutes, once the sensing signal in DIW is stabilized,
the sensing test where different concentrations of EtOH
are flowed is started. Four EtOH concentrations have been
prepared using adequate micropipettes (Eppendorf Research
Plus): 40%, 20%, 10% and 5%. Their refractive indices are
1.3583, 1.3469, 1.3395 and 1.3360, respectively [24]. Changes
between the different concentrations of EtOH and DIW have
been done manually. In order to ensure that the NFs layer is
completely filled, the liquid has been flowed during around
10 minutes.
Fig.11 depicts the sensitivity curve determined from the
spectral shifts experimentally observed for each EtOH concen-
tration. A notable sensitivity value close to 1025 nm/RIU has
been obtained, which is ∼2.5× higher than that theoretically
calculated in Fig. 3 (∼ 400 nm/RIU). This higher sensitivity
Fig. 11. Sensitivity curve of three different sensing test realized with the
same NFs layer covered with a thin gold layer.
Fig. 12. FTIR spectra of a PA6 NFs layer (a) before performing the
experiment, (b) after flowing EtOH and (c) after flowing DIW.
might be determined by the modification of the refractive
index of the NFs layer (change in the chemical properties
and/or bond densities) during the sensing test, and/or due to a
variation in the NFs layer thickness.
VII. ANALYSIS OF THE STRUCTURAL CHANGES IN THE
NFS LAYER DURING A REAL-TIME AND IN-FLOW
SENSING TEST
In order to give a response of the higher sensitivity achieved,
the first study has consisted on studying the variation of the
chemical composition of the NFs layer during the sensing
measurement. Comparing the infrared spectra of the NFs layer
before and after the sensing measurements (see Fig. 12), all
spectra show similar bands with the same intensity. Because
of that, we conclude that the chemical composition of the NFs
layer was maintained during the sensing experiment.
Secondly, the possibility of having physical changes on the
NFs layer after the sensing test has been studied. Fig. 13 shows
FESEM images of its micro-morphology for two different
positions of the sample: inside and outside the sensing area
defined by the flow channel. No significant differences have
been observed between the NFs average diameters or density
due to the sensing measurement.
Therefore, according to the results exposed, no variation on
the NFs layer refractive index due to chemical and/or physical
changes is expected.
Assuming that the NFs layer is completely filled by the
liquid, and taking into account that the PA6 layer has no
variations on its bond densities or refractive index (supposed
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Fig. 13. FESEM images of two different positions of the same NFs layer:
(a) within the sensing area and (b) outside the sensing area, but close to it.
independent of wavelength), the non-expected spectrum shift
can be justified by the expansion of the NFs layer during
the sensing process in real-time. In order to confirm this
explanation, we have implemented a Matlab function able to
simultaneously determine the effective refractive index and the
thickness of the NFs layer throughout the experiment using
the measured reflectance spectrum. To this aim, the following
equation is used:
λ = 2hn/m, (1)
where λ is the spectral position of a reflectance maximum, h is
the NFs layer thickness, n the effective refractive index and m
an integer. This equation can be deducted from the reflectance
expression given by the Transfer Matrix Method [21]. The
maxima positions in the experimental reflectance spectrum are
used to estimate by the least square method the values of the
parameters in Eq. (1) best fitting those positions. The effective
refractive index was calculated as a function of the layer
porosity and the refractive index of the medium with the
Looyenga model [22].
Fig. 14 shows the estimated effective refractive index of
the NFs layer and its thickness depending on the EtOH con-
centration used during the sensing experiment. According to
our simulations, and consistently with the experimental results,
the NFs layer modify its thickness during the sensing study.
This modification depends on the liquid used during the test,
and it increases with the EtOH concentration. In this respect,
another parameter that has to be considered in microfluidics-
based sensors is the viscosity of the liquids used during the
Fig. 14. Estimated (a) effective refractive index and (b) thickness of the NFs
layer during the sensing experiment.
Fig. 15. Relative NFs layer thickness variation and medium viscosity versus
the EtOH concentration [24].
experiments. Viscosity determines the resistance of a liquid
to flow and it can be conceptualized as quantifying the
frictional force that arises between adjacent layers of fluid
that are in relative motion. A large viscosity implies a stronger
intermolecular force of attraction within a liquid, giving higher
difficulties to be flowed. In this respect, liquids with a higher
viscosity produce an expansion of the NFs layer that provides a
structure with a higher porosity, which compensates the higher
difficulty of the liquid to be flowed.
Fig. 15 shows the relation between the EtOH concentration,
its viscosity, and the relative NFs layer thickness variation
obtained in the experiments. We can clearly observe that
the layer thickness variation follows the same trend than the
viscosity of the liquid used during the sensing experiment, thus
confirming this relation between NFs expansion and viscosity.
VIII. CONCLUSION
The potential of new porous optical sensors based on
electrospun polyamide NFs layers has been discussed in the
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present study. Comparing to other porous substrates, NFs
layers have advantages such as: fabrication process suitable for
industrialization (since large areas can be fabricated at once
with a much reduced production cost), high porosities and a
sponge-like structure, allowing a better filling of the sensing
structure with the target substances.
One main problem found when using NFs layers as a real-
time optical sensor is that the amplitude of the measured FP
fringes is very low in an aqueous medium. This limitation has
been solved by the deposition of a thin (∼ 3 nm) metal layer.
Gold, silver and platinum have been studied because of their
high oxidation potential and appropriated reflectance. Among
them, gold has been selected due to its high reflectance and
its easier and faster deposition method in our laboratory.
An experimental sensitivity much higher than the theo-
retical one has been obtained when flowing different EtOH
concentrations in real-time. It might be determined by the
modification of the refractive index of the NFs layer during
the sensing experiments, and/or due to a variation in the
NFs layer thickness. An FTIR analysis confirms that there
are no chemical modifications or the presence of new bond
densities. FESEM images show that there are no significant
physical differences between the NFs layer inside and outside
the sensing area. Because of that, high sensitivities are due to
the expansion of the NFs layer. A Matlab program has been
developed in order to estimate the effective refractive index of
the porous structure and its potential thickness variation. It has
been demonstrated that the NFs layer suffers an expansion
when flowing liquids in real-time, which has been related to
the viscosity of the liquid. Because of that, two parameters
can be simultaneously characterized in real-time with an
optimized electrospun PA6 NFs layer: the refractive index and
the viscosity of the liquid used during the sensing test.
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